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Image encoding and decoding are signiﬁcant for information security, authenticity veriﬁcation, and
anticounterfeiting. We propose and demonstrate a polarization multiplexed metasurface for multi-image
hiding and seeking in the terahertz band. The designed metasurface is composed of rod slot antennas
and C-shaped slot antennas operating for both linear and circular polarizations. Diﬀerent hidden images
are revealed by controlling the polarization states of the incident and detection light. Three channels for
object image encoding are demonstrated, indicating that this approach can increase the degree of freedom
for optical image hiding and veriﬁcation. This work may open an alternative avenue for polarization-
controlled metasurface design, product identiﬁcation, optical image encoding, and optical information
security.
DOI: 10.1103/PhysRevApplied.12.054011
I. INTRODUCTION
Image hiding and veriﬁcation have been used in product
identiﬁcation, image encryption, and authenticity veriﬁca-
tion [1,2]. To increase the security of the identiﬁcation sys-
tem and allow users to access diﬀerent encrypted content,
multi-image hiding and veriﬁcation in diﬀerent channels
are desirable. Metasurfaces are two-dimensional coun-
terparts of metamaterials, which are typically composed
of single-layer or few-layer stacks of subwavelength
planar antennas. By tailoring the geometric parameters
and the spatial distribution of the resonant antennas,
the metasurfaces can modulate the phase, amplitude,
and polarization of electromagnetic waves with operat-
ing wavelengths ranging from visible to microwave bands
[3–7], leading to a plethora of metasurface devices with
various functionalities [8–10]. Multiplexing methods have
been employed to enrich the functionalities of metasur-
face devices. Almost all intrinsic physical properties of the
electromagnetic wave, such as the wavelength, the tem-
poral and spatial positions, and polarization state can be
used as channels to carry and deliver information [11–
15]. As one of fundamental properties of electromagnetic
waves, polarization states contain valuable information.
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An arbitrary polarization state can be expressed as the
superposition of x- and y-polarizations in the linear polar-
ization system or the superposition of left and right cir-
cular polarizations in the circular polarization system. The
polarization state of the electromagnetic wave can be mod-
ulated by the anisotropy of asymmetric antennas [16–19],
providing an alternative opportunity to develop multifunc-
tional metasurface devices. Considerable eﬀort has already
been made to design polarization multiplexed metasuface
devices such as metalenses [20–22], vortex beam gener-
ators [23–25], and metasurface holograms [26–28]. For
example, Ye et al. demonstrated a spin- and wavelength-
multiplexed hologram in the nonlinear regime based on
the Pancharatnam-Berry (PB) phase of a U-shaped antenna
[29]. Zhang et al. implemented an ultrathin optical device
for simultaneous control of holograms and twisted light
beams [30]. Although polarization multiplexed metasur-
face devices have been widely explored, a metasurface
approach for simultaneous linear and circular polarization
multiplexing for multi-image hiding and veriﬁcation has
not been demonstrated.
In this paper, we propose and experimentally demon-
strate a single metasurface that can simultaneously control
linearly and circularly polarized light beams for multi-
image hiding and veriﬁcation in the terahertz (THz) band.
The metasurface is composed of two types of antennas, rod
slot antennas and C-shaped slot antennas. The proposed
metasurface can modulate the phase proﬁle for linearly
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polarized light and circularly polarized light, respectively.
Unlike the previous work by Liu et al. [31], where the
concept of the combined structures was used to design
a C-shaped metasurface for the simultaneous control of
phase and amplitude of converted linear polarized light,
the combined structures here are designed and fabricated to
develop a polarization multiplexed metasurface for multi-
image hiding and seeking in the THz band. Furthermore,
there is an interference between the waves from the rod
slot antennas and that from the C-shaped slot antennas
since the linear and circular bases are not orthogonal
to each other, leading to the unique properties of the
designed device consisting of the combined structures.
The developed device has three channels to deliver optical
information. By controlling the polarization states of the
incident and detection waves, we can selectively exhibit
the optical images hidden in three channels. The combi-
nation of rod slot antennas and C-shaped slot antennas
can dramatically increase the capability of the metasur-
face devices for multi-image encoding and decoding. The
uniqueness of the proposed approach may open an alter-
native avenue for optical image encoding and security of
optical information.
II. METHOD
To realize the polarization multiplexed functionality, the
designed metasurface consists of rod slot antennas and
C-shaped slot antennas, which can modulate the phase
proﬁles for the incident light with linear and circular polar-
izations, respectively. The two polarization states can be
expressed as follows:
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As shown in Fig. 1, the x-polarized light can excite the
C-shaped slot antenna array, then it will be converted into
the y-polarized light and generate a holographic letter “H”
in channel 1 based on the gradient phase. Moreover, the
x-polarized incident light can be considered as the super-
position of the left and right circularly polarized light, so
that it can also excite the rod slot antennas. The converted
left circularly polarized (LCP) light generated by the inter-
action of the right circularly polarized (RCP) component
with rod slot antennas will reconstruct a letter “C” in
channel 2 and the converted RCP light generated by the
FIG. 1. Schematic diagram of a linear and circular polarization
multiplexed metasurface for multi-image hiding and veriﬁcation.
The metasurface structure is composed of rod and C-shaped slot
antennas. The holographic image of the letter “H” is hidden in
channel 1, letter “C” in channel 2, and the mirror image of letter
“C” in channel 3. Under the illumination of the x-polarized light,
all three channels will be excited and under diﬀerent detection
polarization states, the information in diﬀerent channels will be
obtained. y-pol., y-polarization; x-pol., x-polarization; LCP, left-
circular polarization; and RCP, right-circular polarization.
interaction of the LCP component with rod slot antennas
will generate a mirror image of letter “C” in channel 3. If
we detect the transmitted LCP light, we can obtain both
the holographic letter “H” in channel 1 and the letter “C”
in channel 2, that is, we cannot access the optical informa-
tion in channel 3. We can select the polarization state of the
incident and detection waves from four types: x-polarized,
y-polarized, LCP, and RCP and diﬀerent situations will
appear on the imaging plane, which will be described in
the Results and Discussion Section.
To improve the utilization eﬃciency, the rod slot and
C-shaped antenna arrays are arranged like a checker-
board. The schematic of our design is shown in Fig. 2(a),
where ϕ1 and ϕ2 represent the calculated phase mod-
ulation matrix of the rod slot antenna array and C-
shaped slot antenna array, respectively. ϕ represents
the ﬁnal phase modulation distribution of the struc-
ture. The arrangement strategy can be expressed as
ϕ(x, y) =
{
ϕ1(x, y), x = 2n, y = 2m − 1 or x = 2n − 1, y = 2m,
ϕ2(x, y), x = 2n − 1, y = 2m − 1 or x = 2n, y = 2m, (2)
where n and m are integer numbers ranging from 1 to 50.
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FIG. 2. Device design. (a)
Schematic of the designed
antennas. ϕ1, ϕ2 represent the
calculated phase modulation
matrix of the rod slot antenna
array and C-shaped slot antenna
array. ϕ represents the ﬁnal phase
modulation distribution of the
structure. (b) Basic rod slot and
C-shaped slot antenna. The period
of both antennas P is 100 µm. l
and w are the length and width
of the rod slot, which are 90
and 20 µm, respectively. R and
r are the outer and inner radii
of the C-shaped slot, which are
40 and 30 µm, respectively. α, θ
are the azimuthal angles of the
rod slot antenna and C-shaped
slot antenna. β is the opening
angle of the split. (c) Simulated
scattering amplitudes and phases
of the cross-polarized radiation
from the individual antenna units
at 0.8 THz. The red and blue
lines with square markers are the
amplitude and phase modulation
of the rod slot antennas, while
the red and blue lines with circle
markers are the amplitude and
phase modulation of the C-shaped
slot antennas. (d) Microscope
image of the fabricated sample.
The scale bars in the ﬁgure
and inset are 100 and 20 µm,
respectively.
The building block is shown in Fig. 2(b). Each unit
cell consists of a rod slot and a C-shaped slot, which
are etched into a gold ﬁlm with a thickness of 0.1 µm
sitting on a silicon substrate. The substrate is a 500-µm-
thick double-side polished high-resistivity silicon wafer,
which has approximately 70% transmittance in the THz
band. For the C-shaped slot antenna array, when a linearly
polarized electromagnetic wave impinges on the antenna
unit, both “symmetric” and “antisymmetric” modes can
be excited and a cross-polarized ﬁeld will be scattered
by these two modes. The amplitude and phase of the
reemitted ﬁeld are modulated by adjusting the geometry
parameters of the antennas. For the rod slot antennas, the
orientation-dependent interaction with circularly polarized
light generates the desired geometric phase discontinuity
of = 2σα for the cross-polarized scattered ﬁeld, where
σ =±1 corresponds to the incident light with RCP and
LCP and α is the azimuthal angle of the rod slot antenna.
The parameters of the antennas are given in Fig. 2(b).
P is the period of both antenna arrays, which is 100 µm.
The length l and width w of the rod slot are 90 and
20 µm, respectively. The outer radius R and inner radius
r of the C-shaped slot are 40 and 30 µm, respectively.
The azimuth angle θ of the C-shaped slot is deﬁned as
the angle between the symmetric axis of the slot and
the x-axis, and β is the open angle of the split. Six-
teen rod slot antennas are selected to realize the phase
modulation of a cross-circular-polarized wave ranging
from 0 to 2π , but with identical amplitude modulation
at the operating frequency of 0.8 THz by changing the
azimuth angle α. Meanwhile, 16 C-shaped slot antennas
are selected to realize the same modulation of the cross-
linear-polarized wave by changing the opening angle β. By
using these antennas, the phase modulation of the transmit-
ted cross-polarized THz wave can reach 2π with a constant
phase diﬀerence of π /8, while the amplitude transmission
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FIG. 3. Calculation results for three letter
patterns by the SA algorithm. (a1)–(c1) Pre-
set images of letters “H,” “C,” and mirror
image of letter “C.” (a2)–(c2) Amplitudes
of these three patterns calculated by the SA
algorithm. (a3)–(c3) Corresponding phase
distributions of three patterns calculated
based on the SA algorithm.
is maintained around 0.25 at the operating frequency of 0.8
THz, as shown in Fig. 2(c). The parameters of antennas
and modulation results are obtained by using a commer-
cial simulation software from FDTD Solutions based on
the ﬁnite-diﬀerence time-domain (FDTD) method. In the
simulation, the antenna unit shown in Fig. 2(b) is built as
the model. We use the LCP (RCP) light to illuminate the
rod slot antennas and get the transmitted RCP (LCP) ﬁeld.
FIG. 4. Schematic of the experimental setup. PBS, polarized
beam splitter; M, mirror, L, lens, PM, parabolic mirror; TP, THz
polarizer; TQWP, THz half-wave-plate; MS, metasurface sam-
ple; TL: THz lens; P, polarizer, HWP, half-wave-plate; BS, beam
splitter; WP, Wollaston prism; CCD: charge-coupled device.
Similarly, the transmitted y-polarized (x-polarized) ﬁeld
from the C-shaped slot antennas can be obtained upon illu-
mination of the x-polarized (y-polarized) light. The sample
consisting of 100× 100 basic antenna units with a total
dimension of 1× 1 cm2 is fabricated by using standard
photolithography, ﬁlm deposition, and a lift-oﬀ process.
The image of part of the sample [see Fig. 2(d)] shows that
both antenna arrays are well fabricated.
The simulated annealing (SA) algorithm is used to
calculate the phase distributions of the holograms for
these letter patterns, and then the phase distributions are
employed to arrange each basic antenna [32]. In the SA
algorithm, the exponential temperature curve is set as
t(k) = t0 × aq, (3)
where t0 is the initial temperature, which is set as 0.1, q is
the iteration number, and a is the cooling temperature ratio,
which is set as 0.99 in the optimization. In each iteration,
the discrete Fraunhofer diﬀraction integral is used to cal-
culate the optical ﬁeld U2(m2, n2) on the image plane from
the optical ﬁeld U1(m1, n1) on the source plane
U2(m2, n2) =
M∑
m1=1
N∑
n1=1
Gx(m2,m1)U1(m1, n1)G′y(n2, n1),
(4)
where m1, n1 (m2, n2) are the subscripts of the discrete
optical ﬁeld matrix U1 (U2) and M × N is the size of U1,
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which is 50× 50 in our case. Gx(m2, m1) and Gy(n2, n1)
are the discrete Fraunhofer transform matrices, which can
be expressed as
Gx(m2,m1) = e
jkf
√
j λf
exp
(−jk
f
m2δ2 · m1δ1
)
, (5)
Gy(n2, n1) = e
jkf
√
j λf
exp
(−jk
f
n2δ2 · n1δ1
)
, (6)
where f is the focal length of the Fourier lens and is set
as 10 mm. δ1 and δ2 are the pixel sizes on the source
plane and image plane, respectively. After 2500 itera-
tions, we get stable and high-quality holographic images,
as shown in Fig. 3. The width and height of each pattern
are 2 and 3 mm, respectively. The calculated amplitude
and phase distributions of all three patterns are acceptable
and the signal-to-noise ratio is high enough. The diﬀerence
between the preset and calculated images is attributed to
the limited pixel numbers, which are 50× 50 for the source
plane due to the limited size of the THz beam.
III. RESULTS AND DISSCUSSION
A THz focal plane imaging system [33,34] is used to
characterize the performance of the designed structure.
The experimental set-up is shown in Fig. 4. A Ti:sapphire
regenerative ampliﬁer is used to produce a 100-fs ultra-
short laser pulse with a spot diameter of 8 mm, a central
wavelength of 800 nm, and a repetition rate of 1 kHz.
The laser beam with an average power of 900 mW is
divided into two parts, which are then used as the pump
(880 mW) and probe (20 mW) beams for the generation
and detection of the THz waves, respectively. The pump
beam impinges on a 1-mm-thick 〈110〉 ZnTe crystal to gen-
erate the THz beam via the optical rectiﬁcation eﬀect. The
horizontally polarized (x-polarized) THz beam (diameter
24 mm) passes through a THz polarizer (TP) to maintain
its polarization before impinging on the structure, and the
scattered THz beam is detected using another 〈110〉 ZnTe
crystal. In the probe optical path, a half-wave plate (HWP)
and a polarizer (P) are used to modulate the probe beam
polarization. In the sensor crystal, the polarization of the
probe beam is modulated by the THz ﬁeld via the Pockels
eﬀect, while the reﬂected probe beam is captured by the
imaging unit. The Wollaston prism (WP) is used to split the
probe beam into two beams with orthogonal polarizations,
and the two images of the sensor crystal are then projected
onto a CCD camera. The THz complex ﬁeld is extracted
using the balanced electro-optic detection technique. By
varying the optical path diﬀerence between the THz beam
and the probe beam, 100 temporal images are captured
at each time delay within a time window of 17 ps. The
amplitude and phase information at the diﬀerent frequen-
cies are extracted by performing Fourier transformations
on the temporal signals that occur at each pixel. Finally, the
linearly polarized THz ﬁelds are detected and expressed as:
(a1) (a2) (d1) (d2)
(b1) (b2) (e1) (e2)
(c1) (c2) (f1) (f2)
FIG. 5. Experimental results for
each channel. (a1)–(c1) Ampli-
tude distributions of the transmit-
ted ﬁelds Exy , ERL, and ELR in
channels 1, 2, and 3, respectively.
The ﬁrst and second letters in sub-
script represent the incident polar-
ization and detection polariza-
tion, respectively. (a2)–(c2) Cor-
responding phase distributions of
Exy , ERL, and ELR. (d1)–(f1)
Amplitude distributions of the
transmitted ﬁeld ELL in channels
1, 2, and 3. (d2)–(f2) Correspond-
ing phase distributions of ELL.
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Exx, Exy , Eyx, and Eyy at 0.8 THz. The ﬁrst and second let-
ters in the subscript represent the polarization state of the
incident THz wave and that of the detection wave, respec-
tively. All the circularly polarized ﬁelds can be derived
based on Eq. (1).
First, we demonstrate the holographic images in each
channel by selecting the polarization states of the incident
and detection waves, that is, the holographic images can
be revealed or not. The cross-polarized ﬁelds transmitted
through the metasurfaces Exy , ERL, and ELR are detected
for channels 1, 2, and 3, respectively. The corresponding
experimental results are shown in Fig. 5. Figures 5(a)–5(c)
are the amplitude and phase distributions of the transmitted
ﬁelds Exy , ERL, and ELR for channels 1, 2, and 3, respec-
tively. One can see that the images of letters are clearly
extracted in each channel. If we change the polarization
states of the incident and detection waves to the same cir-
cular polarization, such as ELL or ERR, no images can be
detected in all three channels. Figures 5(d)–5(f) present
the amplitude and phase distributions of ELL in channels
1, 2, and 3, respectively. There are no images at all and
the speckles in the ﬁgures are the crosstalk caused by
the focused ELL on the center of the imaging area. This
unambiguously shows that the images can be encoded into
three channels through the designed metasurface and we
can choose the image information in diﬀerent channels by
selecting the polarizations of incident and detection waves.
The metasurface can also realize optical hiding and
veriﬁcation in multiple channels. First, we demonstrate
two-channel hiding and veriﬁcation by properly choos-
ing the polarizations of incident and detection waves. The
corresponding experimental results are shown in Fig. 6.
(a1) (a2)
(b1) (b2)
(c1) (c2)
FIG. 6. Experimental results for two-
channel characterization. (a1)–(a2)
Amplitude and phase distributions of the
transmitted ﬁeld ERx. The letters in
channels 1 and 2 are detected. (b1)–(b2)
Amplitude and phase distributions of
the transmitted ﬁeld ELx. The letters in
channels 1 and 3 are detected. (c1)–(c2)
Amplitude and phase distributions of
the transmitted ﬁeld Exx. The letters in
channels 2 and 3 are detected.
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Figures 6(a1) and 6(a2) describe the amplitude and phase
distributions of ﬁeld ERx, where both images in chan-
nels 1 and 2 have been detected. Figures 6(b1) and 6(b2)
present the amplitude and phase distributions of the ﬁeld
ELx, where the images hidden in channels 1 and 3 can be
detected. Figures 6(c1) and 6(c2) present the amplitude and
phase distributions of the ﬁeld Exx, where the images hid-
den in channels 2 and 3 can be detected. The unconverted
light is focused on the center of the image area, which has
been removed for better observation.
Then, we demonstrate the results of optical image identi-
ﬁcation in three channels, as shown in Fig. 7. Figures 7(a1)
and 7(a2) are the amplitude and phase distributions of Exy ,
where all three patterns can be observed. Figures 7(b1)
and 7(b2) are the amplitude and phase distributions of
ERR, which are the same as those of ELL, where only the
apparent focal spot in the center of the imaging area is
observed.
All possible results for diﬀerent polarization combina-
tions of incident and detection waves are shown in Table I.
It is worth mentioning that only channel 2 or channel 3
appears in the ERL or ELR situations, and channel 1 dis-
appears in these situations. We employ ERL to explain
this phenomenon. According to Eq. (1), the incident right
circular polarized ﬁeld can be expressed as
ERin = 1√
2
(Exin + j Eyin), (7)
where Ex in and Ey in have the same values. Then the Ex in
and Ey in will be converted into the light beam with cross
polarization by the C-shaped slot antennas with a conver-
sion eﬃciency η (approximately 20% in our simulation).
The detected x- and y-polarization components can be
expressed as
Exout = ηj Eyin,
Eyout = ηExin. (8)
Thus, the output left circularly polarized ELout ﬁeld can be
obtained as
ELout = 1√
2
(Exout − j Eyout) = 1√
2
(ηj Eyin − j ηExin).
(9)
Since the amplitudes of Ex in and Ey in are the same, the out-
put ELout ﬁeld should be 0, meaning there is no image in
channel 1. However, the image converted by the rod slot
antennas will appear in channel 2. For the case of ELR,
there is an image in channel 3, but no image is observed
in channel 1, as shown in Table I. For the Exy or Eyx situa-
tion, Exy or Eyx will generate an image in channel 1 and the
ERL and ELR will generate an image in channels 2 and 3,
respectively, thus we can observe all three images (shown
in Table I and Fig. 7).
Compared to other polarization-sensitive metasurfaces
consisting of one type of antenna, the combined structures
(a1) (a2)
(b1) (b2)
FIG. 7. Experimental results for three-
channel characterization. (a1)–(b1) Ampli-
tude and phase distributions of transmitted
ﬁeld Exy . The letters in channels 1, 2, and
3 are detected. (b1)–(b2) Amplitude and
phase distributions of the transmitted ﬁeld
ERR. None of three channels is detected.
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TABLE I. All possible measured results.
x-pol.a y-pol. LCP RCP
x-pol.b 2, 3c 1, 2, 3 1, 2 1, 3
y-pol. 1, 2, 3 2, 3 1, 2 1, 3
LCP 1, 3 1, 3 None 3
RCP 1, 2 1, 2 2 None
aThis row represents the polarization state of the detection wave.
bThis column represents the polarization state of the incident
wave.
cThe number represents which channel can be detected.
can provide more channels based on the polarization con-
trol [35–38]. The combination of two types of antennas
increases the number of channels to three without intro-
ducing a new physical dimension, dramatically increasing
the transmission information capability of the metasurface
structure. Beneﬁting from the combined structure, there
are a total of seven diﬀerent results obtained by adjust-
ing the polarization states of both incident and detection
waves. Moreover, the capacity of the proposed approach
can be further enhanced by combing other multiplexing
techniques, such as wavelength [39,40], position [15], and
orbital angular momentum [24]. For example, if the meta-
surface can work for both linear and circular polarized light
for two diﬀerent wavelengths, 14 diﬀerent results can be
achieved by a single metasurface device.
IV. CONCLUSIONS
We experimentally demonstrate a polarization multi-
plexed metasurface hologram based on the simultaneous
control of the linear and circular polarizations. The devel-
oped metasurface device has three operation channels to
deliver the optical information. Three holographic images
are reconstructed in diﬀerent channels. By controlling the
polarization states of the incident and detection waves, the
optical images encoded in these three channels are selec-
tively extracted. This multi-image hiding and veriﬁcation
approach will beneﬁt the identiﬁcation system. The feasi-
bility study of our work shows that the proposed approach
can add alternative degrees of freedom for the polariza-
tion controlled metasurface, namely, it can simultaneous
modulate two basic polarization states in a single meta-
surface. This design method increases the communication
channel of the device without introducing any new physi-
cal dimension, which can greatly increase the functionality
density of the integrated device and ﬁnd alternnative appli-
cations in the ﬁelds of optical image encoding and security
of optical information.
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